raise from delocali~ation, among several BChl molecules, of the charge associated with the oxidized BChl. A delocalization of this sort can be used as the conduction system for separation of charge in the primary quantum conversion act.
Several reports have appeared in the literature of the variation of "density" among different types of dispersed cells and of physical separations based upon this property." 2 Two general separation procedures have been used. Packed cell methods: cells are centrifuged from a suspension to form a viscous mass of packed cells, which is separated layerwise. Neutral density separations: cells are centrifuged in a dense liquid medium and are segregated into two fractions, one denser and one lighter than the suspending medium. With such methods the order of density of certain types of blood cells has been established. [3] [4] [5] It has also been shown that erythrocytes are heterogeneous in density and that young erythrocytes are less dense than old.6-9
The above procedures are not suitable for the quantitative investigation of the density distribution in cell populations. The packed cell mass is difficult to fractionate. The neutral density procedure yields only two fractions in each experiment. These restrictions may be overcome by centrifuging the cells in a buoyant density gradient. 10 11
The present communication describes a method for the quantitative fractionation of erythrocytes in a linear density gradient of bovine serum albumin. It is shown VOL. 51, 1964 BIOCHEMISTRY: LEIF AND VINOGRAD 521 that cells segregate in the density gradient on the basis of buoyant density, a quantity defined as the density of the fluid in which the cell is neutrally buoyant. Layerwise fractionation of the tube contents provided material for the analysis of the density distribution and for studies of osmotic behavior, cell volume distribution, red cell aging, and cytological variation. pump was used as a tube sampler for the recovery of equal size fractions. These operations, the preparation of BSA solutions, the preparation of the cell samples, and the centrifugation were performed at 4°. Tygon tube 1, filled and flushed with concentrated BSA, was connected to the inlet of the dry 5-ml mixing chamber, M. A 2.35-ml volume of dilute BSA was pipetted into the mixer. Concentrated BSA (C) was pumped into the mixer and the mixed solution into the centrifuge tube mounted in a Lucite block (L). The arrangement of Tygon tubes 1 and 2 is such that the output from the mixer is twice the input, the condition for the formation of a linear density gradient.'2" 13 The BSA solutions were delivered to the bottom of the centrifuge tube through a glass capillary (G). Filling required 11 min and was stopped before efflux of the first bubble. After centrifuging, the tubes were again mounted in the Lucite block. Fourteen equal fractions and the remainder were pumped out through Tygon tube 3, into 10 X 75-mm test tubes in a fraction collector, actuated at 1.4 min intervals. Brushing of the Tygon delivery tubing against the test tube rim fractionated the last drop. The volume of each fraction was 0.314 4 0.005 ml.
Application of the cells: Three drops of blood obtained by finger punch were dripped into 0.4 ml. of Alsever'sl4 solution. Within 20 min, 0.30 ml of this suspension was layered onto the density gradient column. In the aging experiments the cells, suspended in Alsever's solution, were packed in a clinical centrifuge, freed of most of the supernatant fluid by decantation, spun again, and the remaining fluid was absorbed into a wad of tissue. The pellet was first dispersed and then blended into 3 ml of the dense BSA solution with a Vortex mixer. Introducing the cells as a top layer gives rise to a greater contamination of the light layers by cells which are driven to the cylindrical walls by the radial field. Rouleaux formation was absent in suspensions of cells in BSA.
Centrifugation: The SW 39 tubes were centrifuged in a Model L Spinco ultracentrifuge at 20,-000 rpm for 60 min. To prevent swirling, the heavier SW 25 rotor fitted with special nylon adapters was used and was accelerated and decelerated as recommended by de Duve et al."' In the aging experiments the SW 39 tubes were spun in a Servall HS field-aligning rotor at 12,000 rpm for 60 min. The rotor was accelerated manually in 10 min and decelerated without braking.
Density measurements: Densities were measured in a 0.224-ml pycnometer made by removing the overflow bulb and drawing out both ends of a 0.3-ml micropipet. The error in the determination of the density of the BSA solutions was :1 0.00045. Upon filling the pycnometer, gas bubbles formed in the BSA solutions. These rose to the top of the pycnometer and were drawn into the suction line after 5-20 min. All density data reported in this communication were corrected to 4°with expansion coefficients, 2.9 and 2.6 X 10-4 gm Crn-3/0C, obtained by dilatometry of 1.106 and 1.073 gm cm-' BSA solutions, respectively. Determination of the optical density profile: The cells were lysed by adding 2.5 ml of COsaturated distilled water, inverting the tubes a few times, and stirring with a Vortex mixer for 30 seconds. The lysates were centrifuged at low speeds to remove debris and read at 518 mul" in a Zeiss PMQ spectrophotometer. The results were corrected for the absorbance of the BSA in the fraction. In the aging experiment the fractions were first diluted with CO-saturated NKM'7 solution and spun in a clinical centrifuge. The supernatant was decanted, and the cells were lysed with 2.5 ml of 0.05 ug/ml saponin solution.
Preparation of the BSA solutions: Armour and Co., Chicago, bovine albumin powder, fraction V, was used throughout this work. One of the dry powders contained 2.65% water and 1.60%
ash. The deionized concentrated BSA solution was prepared as follows: 108 gm of the powder were layered on 200 gm of water containing 50 gm of Amberlite MB-3 resin in a one-half gallon polyethylene refrigerator container provided with a magnetic stirring bar and a tight lid. The container was tapped lightly every few hours as needed and finally tilted to bring the BSA powder into contact with liquid. The solution decanted from the resin was centrifuged at 1,000 rpm in 250-ml centrifuge bottles, decanted into another centrifuge bottle which contained 25 gm of resin, intermittently agitated over a 2-hr period, and centrifuged in stainless steel tubes for 2 hr at 20,000 rpm in the Spinco 30 rotor. The top layers were removed with a Pasteur pipet, and the decanted solutions pooled in a tared vessel.
The following salts were added per 100 gm of deionized BSA solution: 0.2391 gm Na2CO3, 0.3030 gm NaCl, 0.1124 gm MgCl,26H2O, 0.0286 gm KCl. The above mixture neutralizes the BSA and provides the cation composition and the osmolarity of NKM as calculated for the 67% water present. The densities of the final solutions were 1.104 d 0.001 gm cm-'. The pH determined with pH paper was 6.8. The dilute solutions were made up by weight assuming additive volumes. All solutions were stored at -60°to prevent deterioration of BSA.
The BSA solutions for the tonicity experiments were prepared from deionized concentrated Determination of FeW9: The saponin lysates were precipitated with 0.5 ml 50% TCA. The precipitate was washed once by centrifugation with 5% TCA, dissolved in 0.5 ml 50 V% acetic and formic acids, and assayed on glass planchettes with a Nuclear-Chicago low-background counter.
The distribution of cell volumes: The volume distributions were determined with a Model B Coulter counter according to Brecher et al." The fractions were diluted 10-fold in Eagle's saline, and aliquots diluted a further 200-fold just prior to the analyses performed in triplicate. The results were converted to cell volumes with a factor obtained from the hematocrit value. 19 Cytological examination of the cells: The fractions, diluted 1L-fold with Alsever's solution, were centrifuged; the packed cells were resuspended in 0.2 ml of homologous serum and again centri- Examination of the density gradient: The linearity of the density gradient was checked in several runs before and after centrifugation in absence of cells (Fig. 2) . centrifuge tube; not centrifuged. F(p) = /go dg/dp, where g is the amount of material in the Lower line: centrifuged. Dif-fraction, and go the total amount of material in the sample. ferent BSA solutions were used Means were calculated from distributions which had been in these experiments. truncated to eliminate the unreliable tails. Narrow distributions, with maxima, F(p) > 10, were truncated at F(p) = 3. Broader distributions were truncated at F(p) = 2. The cell volume distributions were not truncated for the calculation of mean values. The mean cell volumes were corrected for the experimentally determined dependence of the mean on the concentration of the cells in the sample.
Results and Discussion.-The buoyant density distribution curves for the erythrocytes from a single donor (R.C.L.) are shown in Figure 3A . These curves which give the results for three separate runs demonstrate the reproducibility of the method. The average mean of the distributions in 9 experiments performed over a period of one month was 1.0836 h 0.00051 gm cm-3. The spread of the means corresponds to about one fifth of a fraction. Veinous blood in Alsever's solution stored 24 hr at 40 gave substantially the same distributions.
That the observed buoyant density distributions in Figure 3 points represent the means of (C) After centrifugation of (B). Note the distributions. The line was that an extra layer of BSA is present calculated with equation (1) in (B) and (C).
and Pi.o = 1.0836 gm in "rebanding" experiments in which isolated density fractions were centrifuged a second time in a new density gradient. In such an experiment performed with a threefold normal concentration of cells, fractions 4 and 10 were collected in one test tube and mixed. The mixture was drawn into the dry pump lines and one fraction discharged at the isodensity position in a new BSA gradient. After centrifugation the new bands reappeared at the expected positions (Fig. 4) .
The erythrocytes of four other normal individuals were examined. The means, 1.0809, 1.0804, 1.0808, and 1.0812 gm cm-3, were significantly smaller than the mean, 1.0836, for the cells from R.C.L. The density difference corresponds to the observed difference in mean cell volume, 3.6 cu micra, if it is assumed that the volume change is the result of a change in water content (cf. legend, Fig. 7) .
Erythrocytes of duck blood isolated by this fractionation procedure have been shown to incorporate radioactive RNA and protein precursors. 20 Effect of tonicity Qn buoyant density: The well-known swelling and shrinking of erythrocytes in solutions of different tonicity (ratio of solute osmolarity to the osmolarity of plasma) may be expected to affect the buoyant density. A series of experiments at different salt levels was performed to examine this effect (Fig. 5) . The entire distribution shifted with salt concentration. The relation between the shift as given by the mean of the distribution and the salt concentration is well represented by Ponder's equation 3.1021 for the change in volume of cells which are assumed to be permeable to water, impermeable to at least one solute, and to obey van't Hoff's law. Ponder cytes by electronic size determinations. distribution obtained with (dp/dr).ff/(dp/ The effective density gradient in the BSA-erythrocyte-salt-water system: In this system the density gradient effective in resolving cells of different buoyant density is a composite of the real or physical density gradient set up by the BSA and a gradient in tonicity, dT/dr, associated with the distribution of any nonpermeable solutes. The effect of the BSA on the tonicity is negligible.22 The tonicity experiments allow us to estimate the effect of unequal solute concentrations in the original dilute and concentrated BSA. The effective density gradient (dp/dr),ff has been shown23 in buoyant density studies of dissolved macromolecules to be the sum of the physical den-95 sity gradient, dp/dr, and a further density gradient which describes the response of the buoyant species 9 y~~~~i 0 to a change in solute activity, (dp/dr)ef = dp/dr -(da/dr) (dp/da), where a is the activity of the 0 solute.24 In these studies tonicity is assumed to be proportional to solute activity; the derivative dp/dT = 1.1i The derivative for the mean density of cells from oretical line was calculated from R.C.L. is 0.059 gm cm-3. Resolution is inversely the equation in legend for r Fig. 7 . Lower: the amount of related to the effective density gradient for (dp/dr).ff hemoglobin per cell. shown. The maxima in the distributions are seen to correspond as expected to (dp/dr)ef/(dp/dr). through the erythrocyte distribution. Results from three The maximum was displaced by 2.5 fractions (Fig. 3B) . (Fig. 10) . The width of the Fe59 distribution increases with time. Initially about 70 per cent of the cells of given age are found in two adjacent fractions; after 42 days the band width has increased so that only 40 per cent of the labeled cells are in adjacent fractions. The median of the Fe59 distribution progresses linearly with time through the main part of the cell distribution (Fig. 11 ). This is a necessary consequence in a situation in which a population distribution remains constant while new material is introduced at one end and removed at the other. The agreement between the extrapolated intercept, 61 days, and the reported26 27 mean cell life of rabbit erythrocytes, 45-70 days, is another indication that the progression of the label through the distribution corresponds to the aging of the red cells. At late times the progression is observed to stop, presumably because of the reappearance of the label at the light end of the distribution. The nonzero intercept of the mean on the ordinate is attributed to the drainage errors mentioned previously.
The linear progression of the label indicates a direct relation between the average chronological age and buoyant density of erythrocytes. The observed spreading of the labeled cells in the buoyant distribution with time indicates that the erythrocytes "age" at different rates. This is in agreement with the previously observed spread in the survival time of the rabbit cells.26 7 In the densest third of the distribution of human erythrocytes, we have observed that the mean cell volume decreases progressively; in the densest fractions the cells are observed to change morphologically, i.e., to become more spherical.
Summary.-A procedure for preparing and fractionating linear density gradients of BSA is described. Buoyant density distributions of human erythrocytes from one individual were reproducible, but significantly different from the distributions of four other normal individuals. The erythrocytes were shown to behave as perfect osmometers. Cells from each density fraction were examined cytologically, and the sizes determined electronically. In aging experiments, Fe59 pulse-labeled rabbit erythrocytes entered as light cells and moved linearly with spreading through the density distribution. 
